Accurate ab initio multireference configuration interaction ͑CI͒ calculations with large correlation-consistent basis sets are performed for HOCl. After extrapolation to the complete basis set limit, the ab initio data are precisely fit to give a semiglobal three-dimensional potential energy surface to describe HOCl→ClϩOH from high overtone excitation of the OH-stretch. The average absolute deviation between the ab initio and fitted energies is 4.2 cm Ϫ1 for energies up to 60 kcal/mol relative to the HOCl minimum. Vibrational energies of HOCl including the six overtones of the OH-stretch are computed using a vibrational-Cl method on the fitted potential and also on a slightly adjusted potential. Near-spectroscopic accuracy is obtained using the adjusted potential; the average absolute deviation between theory and experiment for 19 experimentally reported states is 4.8 cm Ϫ1 . Very good agreement with experiment is also obtained for numerous rotational energies for the ground vibrational state, the ClO-stretch fundamental, and the fifth overtone of the OH-stretch.
I. INTRODUCTION
Since the proposal that hypochlorous acid, HOCl, plays an important role in ozone layer depletion, [1] [2] [3] this molecule has been and continues to be a focus of experimental and theoretical studies. The high-resolution infrared spectroscopy of HOCl is of particular interest as it might help to monitor the concentration of this compound in the atmosphere. 4 The first infrared spectrum of the OH fundamental, 1 , of HOCl was reported by Hedberg and Badger 5 and later the accurate spectra of the fundamentals and a number of higher energy overtones and combination bands have been reported by several groups. [6] [7] [8] [9] [10] [11] [12] [13] Most recently, unimolecular dissociation of HOCl from rotational levels of 6 1 and 7 1 has been examined by Barnes and Sinha 14, 15 and Wedlock et al. 16 using a double-resonance technique. From these recent experiments the dissociation energy and band origins for the 6 1 and 7 1 overtones have been accurately determined.
Theoretical calculations of spectroscopic properties of HOCl have been restricted to the development and application of near-equilibrium force fields and thus to the study of low energy vibrations. An empirical force field has been developed by Deeley and Mills 12 based on experimental spectroscopic data. The combination of experimental data and ab initio calculations ͓at the self-consistent field ͑SCF͒ and MP3 levels͔ has been used by Botschwina 17 and Halonen and Ha 18 to derive anharmonic force fields. Recently, Peterson derived a near-equilibrium potential energy function for HOCl based on high quality ab initio coupled cluster single double triple ͓CCSD͑T͔͒ aug-cc-pVQZЈϩd, calculations. 19 He showed that this purely ab initio potential energy function accurately reproduces the fundamentals and experimentally known overtones and combination bands up to energies as high as 10 000 cm Ϫ1 . Similar calculations have recently been reported using the full cc-pV5Z basis set, as well as including the effects of core-valence correlation. 20 The study of higher energy overtones and combination bands, as well as dissociation, requires the development of a global potential energy surface ͑PES͒ which would be accurate to at least the dissociation of HOCl into OH and Cl, about 20 000 cm Ϫ1 . A PES fitted by Schinke 21 to unpublished ab initio energies of Liu does extend to the desired energies and above, and has been used in quasiclassical trajectory calculations of the O( 1 D)ϩHCl→HϩOCl reaction. Unfortunately, the average deviation of Schinke's PES energies from the ab initio ones has been reported to be about 2 kcal/mol, clearly too large for accurate spectroscopic calculations. The same set of ab initio data has been refitted by Laganá et al. , 22 yet the accuracy of their fit has not been reported. More recently, Laganá and co-workers have reported a new potential 23 which incorporates newer ab initio calculations and spectroscopic data. 24 This surface, which is intended to be used in reactive scattering applications, is not a͒ Author to whom correspondence should be addressed; electronic mail: bowman@euch3g.chem.emory.edu of near-spectroscopic accuracy for the bound and quasibound states of HOCl. The objective of the present study is to develop a PES suitable for accurate calculation of high energy vibrations and future dynamics studies. Since an ultimate goal is to achieve a near-spectroscopic level of accuracy, i.e., within a few cm Ϫ1 , stringent requirements should be imposed on the accuracy of the fit as well as on the reliability of the underlying ab initio data. The description of the ab initio calculations is provided in Sec. II. The fitting procedure and main features of the PES are described in Sec. III. The results of calculations of vibrational and rotational energies on the unadjusted and adjusted potentials are presented and compared to experiment in Sec. IV. A short summary is given in Sec. V.
II. AB INITIO CALCULATIONS
The basis sets used in the present work were based on the correlation-consistent double, triple, and quadruple basis sets of Dunning and co-workers, [25] [26] [27] denoted cc-pVnZ with nϭD, T, Q, respectively. These form a hierarchical family of basis sets that become more and more complete as n increases. As has been demonstrated in numerous benchmark studies ͑see, e.g., Refs. 28-32͒, calculations with the correlation-consistent basis sets exhibit systematic convergence toward their apparent complete basis set ͑CBS͒ limits. The basis set convergence can often be modeled by simple functions of n, such as
to obtain an estimate of the complete basis set limit, Q ϱ , of property Q. Other extrapolation procedures based on inverse powers of l ͑highest angular momentum function in a given basis set͒ have also been employed ͑see, e.g., Refs. 33 and 34͒. For the present work, each of the points on the potential energy surface was calculated with three basis sets. These consisted of the cc-pVDZ, cc-pVTZ, and cc-pVQZ sets augmented with diffuse s, p, and d functions for O and Cl and diffuse s and p functions for H. The diffuse functions were taken from the standard aug-cc-pVnZ basis sets 26, 27 and were included based on previous results 19 on the near-equilibrium potential energy functions of HOCl and HOBr. In addition, this same study indicated that an additional large exponent d function yielded much improved values for the Cl-O equilibrium distance. Hence, a single d function with exponents 1.689 ͑DZ͒, 5.156 ͑TZ͒, and 6.654 ͑QZ͒ a 0 Ϫ2 was added to the Cl basis sets. The final sets, denoted AVDZ, AVTZ, and AVQZ, yielded a total of 64, 105, and 171 contracted Gaussian functions, respectively. In order to obtain a more accurate potential energy surface, especially in regard to the dissociation asymptotes, the systematic behavior of these basis sets has been exploited by extrapolating each point on the PES using Eq. ͑2͒. The final result was an estimated CBS limit PES. It should be noted that this pointwise extrapolation yielded a surface that was as smooth as the directly calculated AVnZ surfaces, with extrapolated CBS limit total energies lying below the AVQZ results by 22-29 mE h . The success of this method for generating accurate potential energy surfaces has recently been demonstrated by a new, highly accurate, global PES for the HϩH 2 system. 35 Electron correlation effects were treated using highly correlated, internally contracted multireference configuration interaction ͑icMRCI͒ wave functions. 36, 37 The reference function in the icMRCI calculations consisted of a full valence complete active space, which included all molecular orbitals arising from the valence atomic sp ͑O, Cl͒ and s ͑H͒ orbitals ͑14 electrons in 9 orbitals͒. This resulted in a reference function of 302 configuration state functions ͑CSFs͒ in C s symmetry. All single and double excitations with respect to this function were included and the doubly external configurations were internally contracted. The core orbitals were not correlated. To approximately account for higher excitations, the multireference analog 38, 39 of the Davidson correction 40 was also employed throughout (icMRCIϩQ). For the AVQZ basis set, the icMRCI wave function consisted of just over 650 000 variational parameters, which can be compared to a conventional uncontracted calculation that would have resulted in over 36 million. The orbitals for the MRCI were taken from complete active space self-consistent field ͑CASSCF͒ calculations with the same 302 CSF active space. The core orbitals were taken from Hartree-Fock calculations and were not reoptimized. All ab initio calculations in the present work were carried out with the MOLPRO suite of programs. 41 The accuracy of the present calculations at the dissociation asymptotes can be readily assessed by comparing the calculated spectroscopic constants for OHϩCl and ClOϩH to the experimental values for diatomic OH and ClO. The diatomic potentials were computed as a supermolecule on the X 1 AЈ HOCl PES with the third atom being separated from the diatomic by a distance of 100 bohrs. A total of 10 points were fit to 8-9th-degree polynomials in rϪr e and spectroscopic constants were computed from the usual Dunham analysis. 42 The results are shown in Table I for the icMRCIϩQ wave functions for each basis set, where they are also compared to their corresponding experimental values. Very good agreement is observed at the CBS limits, especially for the dissociation energies where extrapolation from the AVQZ set improves the D e s by 1.0 and 1.7 kcal/ mol for OH and ClO, respectively. Note that the ab initio calculations do not include spin-orbit coupling, and so the experimental D e s have been adjusted by raising their values by the appropriate fraction of the spin-orbit splitting in order to make a consistent comparison with theory.
In addition to the grid of points calculated for the large scale PES ͑see below͒, near-equilibrium potential energy functions ͑PEFs͒ were also computed as an additional check on the accuracy of the icMRCIϩQ wave functions and basis set extrapolations. A total of 41 points were calculated for each basis set and were fit by polynomials in internal displacement coordinates ͑see, e.g., Ref. 19͒. A CBS limit PEF was also generated by first fitting the energies at each point to Eq. ͑2͒ to obtain estimated CBS limit energies and then fitting these results to the polynomials in displacement coor-dinates. The icMRCIϩQ results for the equilibrium geometry, harmonic frequencies, and bond dissociation energies are shown in Table II for each basis set. As with the asymptotic potentials, systematic improvement toward the experimental values is observed as the basis set is increased from AVDZ to AVQZ. The errors with respect to experiment with the AVQZ basis are very similar to the accurate results obtained previously 19 using the CCSD͑T͒ method with the same basis set. At the estimated CBS limit, both the OH stretch and the bend are slightly overestimated by icMRCI ϩQ ͑ϳ17 and ϳ12 cm Ϫ1 , respectively͒, while the ClO stretch is within 1cm Ϫ1 of its experimentally derived harmonic frequency.
III. HOCl˜Cl؉OH POTENTIAL ENERGY SURFACE
Ab initio calculations were performed over a grid in the internal coordinates R OH , R OCl, and the HOCl bond angle, . The current grid is as follows: From the total of 756 points on this grid, 750 points were used to fit the potential energy surface. Exception was made for three points near the conical intersection at 179.99 and three points at 40°, which is near the HClO isomer. Fortyeight additional points near the minimum were generated from the near-equilibrium potential energy function discussed in the previous section, and were also used for fitting.
The fitting procedure employed in the present study closely reflects the one used previously for fitting of the HN 2 ͑Ref. 43͒ and HCN ͑Ref. 44͒ triatomic potential surfaces, and is related to the rotated Morse oscillator method. 45, 46 
where R 0 is the equilibrium OH distance, D the dissociation energy, V 0 the energy at the minimum with respect to the ground state of HOCl, and f (R OH ϪR 0 ) is a cubic polynomial,
Due to the presence of quadratic and cubic terms, this functional form offers more flexibility than the standard Morse potential. In the present study, the use of Eq. ͑3͒ typically gave an order of magnitude smaller error as compared to the standard Morse potential. Typical fits are shown in Fig. 1 , and it can be seen that they are excellent. The parameters of this generalized Morse potential, a, b, c, and R 0 , were evaluated via a nonlinear least-squares procedure over the R OCl -grid. The sum of the parameters V 0 and D should equal the energy of HϩOCl and thus can be expressed as a function of R OCl only, i.e.,
The diatomic OCl dissociation potential, V(R OCl ), was computed at the same level of theory for the HϩOCl system with the hydrogen atom placed 100 bohr from OCl. The potential V(R OCl ) was fit using Eq. ͑3͒. This potential was used to impose the constraint on the sum of D and V 0 and thus reduce the number of parameters in Eq. ͑3͒ to five. Near the high-energy conical intersection at ϭ180°͑see below for details͒ and near the isomerization barrier, Ϸ40°, the use of the constraint defined in Eq. ͑5͒ prevented accurate fits of the ab initio energies. In these cases D and V 0 were fit independently. The correct OH dissociation limit at large OH distances was then enforced by smooth interpolation of parameter D as a function of OH distance between its fitted value and correct value computed from Eq. ͑5͒.
The parameters of the generalized Morse equation were interpolated over the R OCl and grid using a twodimensional spline. To ensure the correct dissociation limit for the HOCl→HOϩCl channel, one extra set of parameters was obtained by fitting the OH dissociation curve to the same functional form as Eq. ͑3͒. This set of parameters was added to the spline data at each value of at the maximum value of R OCl , chosen to be 10 bohr. Beyond 10 bohr the parameters do not change and the energy is independent of R OCl and .
The region of the potential energy surface at 0°ϽϽ40°i s difficult to fit precisely because it contains the HClO isomer and the HOCl→HClO isomerization transition state. Our calculated energies of the isomerization barrier and the isomer minimum are 73 and 55 kcal/mol, respectively, above the HOCl minimum. Thus, this region of the potential is not expected to play a significant role in the near-threshold dissociation of HOCl, and so for the present purpose we extrapolated the electronic energy between 40 and 0°using a monotonically increasing switching function with a zero derivative at ϭ0°and a continuous first derivative at ϭ40°. ͑In the near future we do plan to incorporate the isomer into our potential energy surface, and then to make the potential available. Contact J.M.B. if you wish to receive this potential.͒
The accuracy of our fit was determined by calculating the average absolute deviation between the ab initio and fitted energies as a function of the energy. As shown in Fig. 2 , for energies below 60 and 100 kcal/mol the deviations are 4.2 and 18.6 cm Ϫ1 , respectively. It can also be observed that above 100 kcal/mol the quality of the fit rapidly deteriorates, with errors being mainly associated with a less accurate fit of the ab initio data at 40ϽϽ60°. This is not surprising since this region of the PES is close to the HOCl isomerization barrier where the applicability of the modified Morse function of Eq. ͑3͒ is limited.
The minimum of the PES was found at R OH ϭ1.818 72 bohr ͑0.9624 Å͒, R OCl ϭ3.192 01 bohr ͑1.6891 Å͒, and ϭ103.042 deg; these values are in excellent agreement with the results from the near-equilibrium potential ͑given in Table II͒ and experiment. 47, 48 In the linear geometry, ϭ180°, there are two conical 49 however, with R OH fixed at its equilibrium distance. This crossing occurs at a relatively large R OCl distance and so it can be regarded as the crossing between the ⌺ ϩ and ⌸ states of OH. A plot of the ab initio points, and the PES at ϭ179.99°for R OH ϭ1.82 bohr versus R OCl , is shown in Fig. 3 . The data points from the generalized Morse fit are shown along with the ab initio points and the curve is due to the twodimensional spline interpolation. As can be seen, the ab initio energies are fit precisely and the PES interpolates the points smoothly. ͑At 180°exactly the potential should, but does not, display a cusp at the crossing point because of the spline interpolation.͒ The second conical intersection occurs for a relatively large value of R OH and this crossing can be regarded as the crossing between the ⌺ ϩ and ⌸ states of OCl. Additional calculations of this very high energy intersection were done for only a small number of points and at the CASSCF level of theory. Both conical intersections occur at relatively high energies and are not expected to play any role in the bound and quasibound states of HOCl slightly above the dissociation threshold.
Equipotential contour plots of the PES at equilibrium values of R OH , R OCl , and are shown in Figs. 4͑a͒, 4͑b͒ , and 4͑c͒, respectively. The plots in do not extend to values less than 40 deg, because that part of the potential is incomplete and described here by a simple extrapolation procedure, as discussed above. Two dissociation channels are clearly seen in Fig. 4͑c͒ along the R OH and R OCl coordinates, which appear to be uncoupled. Yet there is a moderate coupling of R OCl ͓Fig. 4͑a͔͒ and significant coupling of R OH ͓Fig. 4͑b͒
with . The latter is demonstrated by a drastic increase in the equilibrium R OH distance at smaller then 60°. Equipotential energy contour plots at ϭ40 and 180°are shown in Figs. 5͑a͒ and 5͑b͒, respectively. One can see in Fig. 5͑a͒ that at ϭ40°the potential along R OCl is almost purely repulsive ͑a very shallow minimum was found at R OCl Ϸ4.1 bohr͒, i.e., HOCl is unstable with respect to dissociation into OH and Cl at this angle.
IV. VIBRATIONAL AND ROTATIONAL CALCULATIONS AND POTENTIAL ADJUSTMENTS
Vibrational calculations were done using the recently developed ''MULTIMODE'' VSCF-CI code. 50 The state mixing technique ͑V-CI͒ 51 based on a virtual state expansion in a basis of eigenstates of a reference vibrational self-consistent field ͑VSCF͒ Hamiltonian was used for all calculations reported below. The basis set consisted of 30 harmonic functions for the normal modes corresponding to R OCl and , with 45 Gauss-Hermite ͑GH͒ quadrature points, and 35 harmonic functions for the normal mode corresponding to R OH , with 50 GH quadrature points. All states with a sum of quanta fewer than 20 were included in the CI expansion, resulting in a CI matrix size of 1666. ͓Standard convergence tests and calculations using different methods indicated that the energies are converged to within less than 2 cm Ϫ1 , except for the highest two states, ͑600͒ and ͑700͒, for which uncertainties of the order of 2 -4 cm Ϫ1 exist.͔ The results of these vibrational calculations for zero total angular momentum are summarized in Table III along with all available experimental data. The first set of values, denoted ''unadjusted PES'' in Table III , were obtained with the PES described in Sec. III. The errors for the 1 , 2 , and 3 fundamentals are 14, 8, and 0.5 cm Ϫ1 , respectively, which are very similar to the differences between the experimental and icMRCIϩQ/CBS harmonic frequencies discussed above. From this comparison we conclude that the present errors in the fundamentals reflect the quality of the ab initio data rather than inaccuracies of the fit. As seen in Table III , the errors for the OH overtones increase almost linearly with the degree of excitation. Hence, the major contribution to the errors is from the harmonic part of the potential. For 19 vibrations reported in Table III , the absolute average deviation is 35 cm Ϫ1 with the largest error of 79 cm Ϫ1 for 7 1 . To improve agreement with experiment, we made several small adjustments to the PES. First, the minimum was shifted to the exact experimental minimum. Second, the internal coordinates were scaled as follows,
Here X i represent the coordinates (R OH ,R OCl ,) and X i eq their equilibrium experimental values. Coordinate scaling has been previously used for adjusting HCO ͑Refs. 52 and 53͒ and HCN ͑Ref. 54͒ potentials and resulted in about a 4-5 times reduction of the average error in vibrational energies. In the present study, the scaling factors ␣ i were determined by trial and error to give vibrational energies in agreement with the three fundamentals and the OH overtones. Constant scaling factors were used for R OCl and and their optimized values are 0.996 06 and 1.000 69, respectively, both very close to one. In order to bring theory and experiment into closer agreement for the OH fundamental and overtones, the scaling factor for R OH was made coordinate dependent, i.e.,
The parameters ␣ OH (ϱ)ϭ0.996 448, ⌬␣ OH ϭ0.000 388, and ␤ϭ1.5 were determined after a small number of trial calculations to fit experimental energies for the fundamental and six OH overtones. Note that the choice of these parameters was based on a limited number of calculations, rather than on complete optimization, since the latter would be computationally very expensive. The third adjustment was to the parameter V 0 for the OH dissociation curve in the lower panel of Fig. 6 . This parameter should equal the electronic dissociation energy, D e , of HOCl to OH and Cl, and was taken to be the experimental value 15 ,16 of 20 308 cm Ϫ1 instead of the computed one, 20 147 cm Ϫ1 . As noted in Sec. II, the ab initio calculations do not include spin-orbit coupling and so this adjustment to the D e is somewhat empirical; however, it is especially important for future calculations on the dissociation dynamics.
The fourth adjustment was to the parameter c for the isolated diatomic OH potential, shown in the lower panel of Fig. 6 . This parameter was slightly changed to get agreement between the computed and experimental zero-point energy of OH for the adjusted potential. This was made necessary because the scaling of the coordinate R OH persists to the asympote ClϩOH, and the net effect of this last adjustment is to ''undo'' some of the scaling as well as to remove residual errors in the ab initio calculations. With this adjustment our computed value of D 0 equals 19 289.2 cm Ϫ1 , in excellent agreement with the experimental 15, 16 value of 19 289.6 cm Ϫ1 ͑again with the above caveat about the absence of spin-orbit coupling in the calculations͒. In summary, it is worth pointing out that all reported modifications of the PES are essentially cosmetic in nature and have no effect on the overall surface topology. Indeed, after all adjustments the average difference between the original ab initio and adjusted PES energies up to 60 kcal/ mol was computed to be just 74 cm Ϫ1 . The results of vibrational calculations with the adjusted potential are given in Table III . The same basis sets and convergence tests were used as described above for the unadjusted PES. More extensive variational calculations with the present adjusted PES are now in progress and will be reported later. 55 An additional test was performed to ensure the reliability of the extrapolation of the PES from 40 to 0 deg ͑see discussion in Sec. III͒. For this purpose the PES at Ͻ40°was replaced by a high potential wall. The vibrational calculations with this oversimplified PES gave results identical to those in Table III using the extrapolated potential for all the vibrational states given there.
The adjusted potential shows significant overall improvement as compared to the unadjusted one. The absolute average deviation for the same set of 19 vibrations in Table  III The largest deviation is for 5 1 (Ϫ5.52 cm Ϫ1 ) with 1 and 2 1 being slightly above and 6 1 and 7 1 slightly below their experimental counterparts. There appears to be a partial error cancellation for low order combination bands, yet the presence of several quanta of 2 or 3 lead to band origins that are apparently too high in energy. Since the fundamentals have been fitted to match the experimental values, the errors in the overtones and combination bands are due to anharmonic and coupled parts of the potential. It would be too much, of course, to expect perfect agreement using simple coordinate scaling employed here; clearly a more sophisticated approach is required to achieve better accuracy.
Rotational transition energies in the ground vibrational state and 3 fundamental were calculated using ''MULTI-MODE'' in order to make direct comparisons with experiment. ͑The rotational energies were calculated using the adiabatic rotation method, which has been tested against exact calculations on the similar molecule HO 2 and shown to be accurate to within several hundredths of a wave number. 56 ͒ The results of these calculations are summarized in Table IV and compared with the experimental data of Carlotti et al. 57 One can see that there is overall good agreement in energies and relative positions of the rotational transitions. Inspection of Table IV shows that the present PES leads to a slight systematic underestimation of rotational transitions with the error increasing as 0.05
Also, from both theory and experiment it is clear that HOCl is well approximated as a symmetric top. Rovibrational energies were also computed for 6 1 for Kϭ2, Jϭ14 and Kϭ3, Jϭ7 ͑symmetric top notation͒, using the symmetric-top approximation to the adiabatic rotation method. The energies of these two rovibrational levels have been determined in experiments by Wedlock et 
V. SUMMARY
A multireference configuration interaction method has been used for electronic energy calculations of the HOCl molecule. The energies were computed with a series of correlation-consistent basis sets and extrapolated to the apparent complete basis set limit. The icMRCIϩQ/CBS level of theory is shown to be very accurate in the prediction of energetics and spectroscopic constants of the OH, CIO, and HOCl molecules.
A new three-dimensional potential energy surface for HOCl has been obtained by a fit to 750 ab initio icMRCI ϩQ/CBS energies. The absolute average deviation between ab initio and fitted energies is 4.2 cm Ϫ1 for energies below 60 kcal/mol. Vibrational calculations for selected states up to 7 1 have been carried out using a vibrational configuration interaction method. For 19 states (Jϭ0) the absolute average deviation from the experimental data is 35 cm Ϫ1 . Coordinate shifting and scaling has also been used to achieve better agreement with experiment. This simple technique allows us to fit the fundamentals nearly exactly to the experimental data and significantly reduce the error for all computed overtones and combination bands. After these adjustments of the potential energy surface, the absolute average deviation for 19 vibrational band origins is found to be only 4.8 cm Ϫ1 . Rotational transitions were computed for the ground state and the 3 ϭ1 states, as well as selected rovibrational energies for the 6 1 state with Kϭ2, Jϭ14 and Kϭ3, J ϭ7. The results of these tests are an excellent agreement with the experimental data.
Even though we were not able to achieve true spectroscopic accuracy ͑within a wave number͒, the results of the few tests presented here show that the new PES can be a valuable tool for future spectroscopic and dynamic studies. These studies are currently underway, as well as an extension of the present PES to include the HClO isomer.
